Abstract The effect of hydrogen addition on the catalytic activity and product selectivity of PNP/Cr(III)/MAO catalytic systems for ethylene tetramerization was investigated. The results showed that the catalytic activity could be increased twice and the polymer production could be reduced efficiently through hydrogen addition. It could be inferred from the analysis and characterization results of the products that there existed at least three sorts of catalytic active centers in the ethylene tetramerization reaction.
Introduction
In 2004, researchers from Sasol reported the first catalyst for the selective conversion of ethylene to 1-octene, which was consisted of PNP ligand, chromium source and methylaluminoxane [1] . Since its discovery, a rapid increase in the number of publications and patents have been reported for selective ethylene tetramerization, among which much attention has been paid to the electronic and steric factors of the PNP ligands, reaction mechanism, reaction kinetics and new ligands [2] [3] [4] [5] .
Hydrogen has been used as a chain-transfer agent to control the molecular weight of the polymer in the commercial production of polyolefins, such as polypropylene and polyethylene. However, the production of polymer, which leads to both lower yields and reactor fouling, has not been investigated thoroughly. Hydrogen has been invited to reduce the molecular weight of the polymer and enhance the activity to extent in ethylene trimerization reactions catalyzed by chromium-based systems [6] [7] [8] [9] [10] .
In the case of ethylene tetramerization catalytic systems, to the best of our knowledge, the effect of hydrogen on catalytic performance was investigated only in one paper by Bollmann et al. [1] . It was described that the addition of 2.5 bar of hydrogen to the system resulted in a remarkable decrease in solids formation (PE selectivity from 1.05 to 0.07 %), with little effect on oligomer selectivity and productivity. Lower pressure of hydrogen has not been investigated in detail.
We herein report the result of our research on the effect of hydrogen on the performance of PNP/Cr(III)/MAO catalytic system applied in ethylene tetramerization. More specifically, the low pressure of hydrogen is investigated in detail. It is found that low addition of hydrogen has a remarkable influence on productivity.
Experimental
All manipulations were conducted under nitrogen atmosphere using standard Schlenk techniques or in a glove box.
Materials
The bis(diphenylphosphino)isopropylamine (PNP) ligand was synthesized according to the reported procedures [1] . CrCl 3 (THF) 3 was purchased from Aldrich and used as received. Polymerization grade ethylene, high-purity nitrogen (99.999 %) and high purity hydrogen (99.999 %) were purchased from Tianjin Summit Specialty Gases Co., Ltd. (China) and no further purification was carried out. Methylaluminoxane (MAO) was purchased from Strem Chemicals, Inc. Cyclohexane was stored over activated molecular sieves 4A and extensively dried and distilled in nitrogen from sodium and diphenyl ketone prior to use.
Ethylene tetramerization
All tetramerizations were carried out in a 1.0 L stainless steel autoclave reactor operated in semi-batch mode. Purified cyclohexane was transferred to the reactor under nitrogen atmosphere. Cocatalyst, PNP ligand and CrCl 3 (THF) 3 solution were injected into the reactor using gas-tight syringes. If necessary, the reactor was initially pressurized with hydrogen to act as promoter. Unless otherwise stated, hydrogen was not fed to the reactor at any other time during the reaction. The ethylene tetramerization reaction was started by feeding gaseous monomer on demand to maintain a constant pressure in the reactor. The flow rate of ethylene fed to the reactor was measured with an on-line mass flow meter. Ethylene tetramerization was ceased by rapid depressurization of the reactor followed by quenching with methanol. The catalytic activity was calculated from the weight of the product. Polymeric product was collected by stirring for 90 min in acidified ethanol and rinsed with ethanol and acetone on a glass frit. The polymer was initially dried on air and subsequently in vacuum at 60°C for 6 h.
Characterization of product
Liquid products were analyzed by GC-FID employing Agilent Technologies 6890H using n-heptane as an internal standard. Chromatographic conditions: HP-1 capillary column, FID detector, N 2 carrier gas at 30 mL/min speed, starting temperature 35°C kept for 10 min, raised to 280°C with the rate of 10°C min -1 , 280°C for sample injector, 300°C for detector, 0.2 lL for the sample quantity. M w , M n and MWD of PE were determined by a Waters Alliance GPCV-2000 equipped with a refractive index detector at 150°C, using three Polymer Laboratory MIXED-B columns and 1,2,4-trichlorobenzene as solvent. The number-average and weight-average molecular weight (M n and M w , respectively) were determined with a polystyrene standard calibration. The melting temperature and enthalpy of fusion (4H f ) of PE were measured on a PerkinElmer DSC-7 differential scanning calorimeter in the following manners. First, the sample was heated to 210 at 10°C/min and maintained the temperature for 5 min to remove the thermal history. Then, it was cooled to 50 at 10°C/min, followed by reheating at 10°C/min. The thermogram of each sample was recorded in the second heating run. The catalytic activity was calculated from the weight of the product.
Results and discussion
Effects of H 2 partial pressure on catalytic activity and product selectivity Hydrogen was introduced to ethylene tetramerization over PNP/Cr(III)/MAO either at its start or during the run, and the results are shown in Table 1 and Fig. 1 . The presence of hydrogen in the reactor significantly increased the catalyst activity for all runs. 0.03 MPa of hydrogen pressures established in the reactor before the inlet of ethylene can greatly improve the catalytic activities. Increasing hydrogen pressure from 0.03 to 0.10 MPa (Table 1 , entry 2-4) did not increase catalyst activity obviously. The selectivity to 1-hexene was increased and the selectivity to 1-octene was decreased slightly with the increase of hydrogen pressure. After the removal of hydrogen from the reactor, the catalytic activity decreased to the values as initially observed (Fig. 1, stage C) . By comparing the result of entry 1 to entry 4 in Table 1 , it was noticed that the catalytic activity almost doubled by introducing a small amount (0.03 to 0.10 MPa) of hydrogen into the reaction system. With the further increase of hydrogen's pressure, the catalytic activities decreased (Table 1 , entry 5 and 6). For reactions catalyzed by less amount of Cr, the same trend of higher catalytic activity with the increase of hydrogen pressure was observed (Table 1 , entry 7 and 8).
Compared the values in Table 1 , entry 4 and entry1, there is onefold increase in productivity.
Reaction conditions: reaction temperature: 50°C; Solvent: cyclohexane; n(Al):n(Cr(III)) = 200:1; c(Cr) = 2.0 lmol L -1 . Stage A: ethylene pressure 4.5 MPa, without hydrogen; Stage B: ethylene pressure 4.5 MPa and hydrogen pressure 0.1 MPa; Stage C: the polymerization was interrupted by stopping the monomer flow and depressurizing the reactor. The reactor was then connected to the vacuum line for 1 min to eliminate residual amounts of hydrogen dissolved in the cycolhexane. The tetramerization was restarted by pressurizing the reactor with ethylene pressure 4.5 MPa, this time in absence of hydrogen.
A number of explanations of hydrogen effect on ZieglerNatta catalyst and metallocene catalyst for olefin polymerization have been proposed, including hydrogen effects on the number of active centers [6, 7] , oxidation of Ti 2? to Ti 3? species [11] , hydrogenation of inactive Ti allylic species [12, 13] and hydrogenation of unsaturated chain ends that poison active sites. Although progress has been made in understanding the mechanism of PNP/Cr(III)/MAO catalyzed ethylene tetramerization [5, 14] , most notably the role of a metallacyclic reaction manifold, definitive answers relating to the oxidation state of chromium and specific aspects of ligand control remain elusive. The plausible machenism of how H 2 promotes to reactivate the deactive metal centre is shown in Fig. 2 . As reported by Rabeah and co-workers [15] , in the case of PNP/Cr catalytic system, a (PNP)Cr(II)(CH 3 ) 2 complex stemmed from Cr(III) species is regarded as the active species for selective tetramerization by passing a reversible redox cycle, while reduction to Cr(I) leads to deactivation. According to the above results, we consider that the hydrogen could oxidate the deactive Cr(I) to reactive Cr(III) species in some extent.
Effects of H 2 partial pressure on PE formation and molecular weight
In ethylene tetramerization catalyzed by PNP/Cr(III)/ MAO, formation of about 0.3-2.0 wt% of polyethylene is unavoidable [1] . The polymer formation not only decreases the yield of target product, but also cause pipeline fouling under operating conditions (50-80°C, cyclohexane solvent). There are two kinds of polymer with different molecular weight in the product, as shown in Table 2 . One is wax polymer, molecular weight of which is below 2000. The wax was proved to be linear a-olefins by 1 H NMR. The other is filament polyethylene. Typically, M w lies in the range of 200,000-750,000 g/mol with molecular weight distributions (MWD) of around 3.5.
13 C NMR measurement revealed that the filament polyethylene was linear high-density polyethylene. As expected, the average molecular weight of filament polyethylene decreased with increasing hydrogen pressure because of chain transfer effect. However, the molecular weight averages of wax did not change with the change of hydrogen pressure in the reactor. From these results, it can be speculated that wax polyethylene and filament polyethylene were obtained following different reaction mechanism. The PE formation reaction was catalyzed by at least two different species.
For a single-site polymerization catalyst under constant conditions (temperature and ethylene concentration), the MWD would have Flory's theoretical value of 2. Broader MWDs proves the existence of multiple species. According to the value of polymer, we infer that selective oligomerization product and oligomer wax were obtained through cyclization mechanism, while highmolecular weight PE may be obtained through a linear chain growth alkene insertion mechanism (Cossee mechanism) [16] .
Reaction conditions: reaction temperature: 50°C; reaction pressure: 4.5 MPa; reaction time: 60 min; n(Al): n(Cr(III)) = 200:1; c(Cr) = 2.0 lmol L -1 ; solvent: cyclohexane. 
Conclusions
The effect of hydrogen addition on the catalytic performance of PNP/Cr(III)/MAO catalyst for ethylene tetramerization and the molecular weight of the polymer was investigated. It was proved that the addition of hydrogen may not only significantly increase the catalytic activity, but also decrease the polymer formation, which may solve the fouling problem in industrial operation. It could be inferred from the analysis and characterization results of the products that there existed at least three sorts of catalytic active centers in the ethylene tetramerization reaction. 
